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The effects of pressure ﬁltration and vacuum agitated drying on cellobiose octaacetate (COA) particles in
methanol slurries were studied by making Raman measurements through the glass wall at the side of a
ﬁlter drier beneath the oil jacket. The change in intensity of methanol peaks in the spectra allowed the
removal of the solvent from the particle bed to be monitored. Also, drying curves for COA generated from
the Raman measurements gave an indication of the changing physical status of the particle bed during
continuous or intermittent agitation. The intensity of the Raman signal for COA depended on the bulk
density of the particle bed, which changed due to aggregation and attrition that occurred during solvent
removal and particle motion induced by agitation during vacuum drying. Loss on drying (LOD)
measurements of samples removed at the end of the pressure ﬁltration and vacuum agitated drying
stages established the degree of wetness and conﬁrmed the end point of drying (o0.5% w/w solvent),
respectively. Dynamic image analysis conﬁrmed that minimum attrition of COA was achieved when
(a) the majority of the methanol was removed during pressure ﬁltration at 0.5 bar N2 and
(b) intermittent agitation was applied during the vacuum drying stage.
& 2013 Published by Elsevier Ltd. Open access under CC BY license.: +44 141 548 4212.
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The use of agitated ﬁlter driers is popular for isolation of active
pharmaceutical ingredients (APIs) following crystallisation, as
ﬁltration and drying can be completed in a single vessel
(Kougoulos et al., 2011). Industrial ﬁltration is often performed
under a positive pressure of an inert gas, typically N2, to remove
excess solvent from particles before drying is conducted under
vacuum to remove the remaining residual solvent. The impact of
the isolation process on particulate properties, especially during
the drying phase, may determine the success of an API manufac-
turing campaign; however, the effects of particle isolation are
often not well understood and poorly controlled.
There are a growing number of examples in the literature
where the inﬂuence of agitated drying on particulate properties
has been investigated (Hare et al., 2009; Kom et al., 2011;
Kougoulos et al., 2011; Lamberto et al., 2011; Lekhal et al., 2003,
2004). The processes that lead to particle attrition have been
studied extensively by Ghadiri et al. (2000, 1991), Ghadiri and
Zhang (2002), Subero and Ghadiri (2001), and Zhang and Ghadiri
(2002). Lamberto et al. (2011) reported the development of a
laboratory method to rank qualitatively six pharmaceutical mate-
rials on a breakage scale (hard, medium or easy to break) that
allowed recommendations for processing conditions at a larger
scale. In contrast, there have been few published studies of the
combined effects of ﬁltration and agitated drying on particulate
properties. Recently, however, needle breakage has been reported
at the end of ﬁltration of needle-shaped particles, owing to the
stress caused by the positive pressure applied to the particles
exceeding that of the critical stress required for needle breakage
(MacLeod and Muller, 2012).
Process analytical technologies (PAT) are currently being imple-
mented across a wide range of unit operations in the pharmaceu-
tical industry to improve process understanding and control.
Various spectroscopic techniques have been applied successfully
to monitor unit operations such as crystallisation (Cornel et al.,
2008; Kougoulos et al., 2005; Larsen et al., 2006; Liu et al., 2011;
O'Grady et al., 2008), granulation (De Beer et al., 2011; Tok et al.,
2008; Walker et al., 2009) and blending (El-Hagrasy et al., 2006a,
2006b; El-Hagrasy and Drennen, 2006). Drying processes have
also been studied either through analysis of the off-gas or the
particle bed directly. For example, optical spectroscopic techniques
such as mid infrared (MIR) (Tewari et al., 2010) and near infrared
(NIR) (Coffey et al., 1998; Harris and Walker, 2000; Parris et al.,
2005) have been used to monitor the solvent concentration in the
off-gas of tray and rotary driers by insertion of a gas cell into the
vacuum line. On-line mass spectrometry has also been used to
measure the moisture content in the off-gas for microwave
assisted vacuum drying (Hettenbach et al., 2004). The solvent
content of the particle bed in ﬁlter, paddle and spherical driers has
been monitored in situ using an in-line NIR probe (Burgbacher and
Wiss, 2008). In-line NIR spectrometry has also been used to
monitor the progress of ﬂuidised bed drying processes (Demers
et al., 2012; Green et al., 2005; Peinado et al., 2011). In all of the
above studies, the extent of drying was monitored on the basis of
the solvent content of either the off-gas or powder bed. However,
in one study the drying of molecular sieves in a rotary drier was
monitored using acoustic emission generated from the impact of
the particles with the vessel wall (Briens et al., 2008). The effects
of the drying conditions on the particles themselves are rarely
considered and the physical effects that occur during drying are
still relatively unstudied. Spectra obtained with NIR or Raman
spectroscopy are known to be affected by the physical properties
of samples and have been used in powder blending (Bellamy et al.,
2008a, 2008b) or wet granulation (Walker et al., 2009) to study
physical changes to the material. Raman spectrometry can offeradvantages over NIR spectrometry including narrower spectral
features and easier interpretability of the spectra (Allan et al.,
2013). For isolation processes, Raman spectrometry provides
opportunities to monitor directly and simultaneously both the
solvent and powder. Drying end-point is currently determined by
off-line measurement of the solvent content of the powder bed,
which is sampled periodically during the process. Consequently,
in situ measurements eliminate the need for sampling and also
allow identiﬁcation of the drying end-point in real-time; the
ability to monitor both solvent removal and the physical state of
the powder bed allows better control of particle properties.
Beneﬁts of implementation of PAT for drying processes include a
reduction in drying time, elimination of over-drying, and lower
energy consumption and costs (Parris et al., 2005).
In a preliminary study (Hamilton et al., 2011), methods were
investigated for monitoring needle-shaped cellobiose octaacetate
(COA) particles directly in a laboratory scale vacuum agitated drier
using non-invasive Raman spectrometry. A design of experiments
approach was used to investigate the effects of three process
variables (mode of agitation, % solvent loss on drying, and jacket
temperature) on the drying time, with off-line particle size
analysis by laser diffraction employed to determine the extent of
attrition. Subsequent research compared the efﬁcacy of three
commonly used particle size analysis techniques for quantitative
assessment of the extent of attrition that occurs during the drying
of needle-shaped particles (Hamilton et al., 2012). It was found
that the Feret Max diameter obtained from dynamic image
analysis provided the best indication of changes in needle length;
although qualitative trends could be obtained from laser diffrac-
tion or focused beam reﬂectance measurements.
In this study, the full isolation process for ﬁltration and drying
of COA particles in a vacuum agitated drier was investigated.
Slurries of COA particles and methanol were subjected to different
periods of pressure ﬁltration before vacuum agitated drying was
performed using either continuous or intermittent agitation.
Raman measurements were collected in situ throughout each
experiment and samples were collected at the end of each stage
for measurement of loss on drying (LOD) and particle size using
dynamic image analysis. In contrast to the preliminary study
(Hamilton et al., 2011), Raman measurements were made from
the side of the vessel towards the bottom of the packed bed rather
than from the top, which allowed a better assessment of the
impact of the ﬁltration/drying conditions on the particles during
processing. By interpretation of the Raman proﬁles it was possible
to monitor in real time the removal of the solvent and changes to
the physical status of the packed bed, and hence determine the
end point of drying. Further, the particle size analysis allowed the
relationship between starting wetness (LOD), agitation time and
extent of attrition to be examined. The study illustrates for the ﬁrst
time the potential of non-invasive Raman spectrometry to monitor
the full ﬁltration-drying isolation process, which will be particu-
larly beneﬁcial when optimising conditions for fragile particles.2. Materials and methods
2.1. Materials
Cellobiose octaacetate (COA) was obtained from GSK (Steve-
nage, Hertfordshire, UK). COA has a needle-shaped crystal habit
with a high aspect ratio and does not exhibit polymorphism. COA
was selected as a model compound to study as it has similar
physical characteristics to many pharmaceutical active compounds
(e.g. the dry powder has a low bulk and tapped density and the
crystals are needle-shaped), without being biologically active and
therefore requires no speciﬁc controls for handling in a laboratory.
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liquid phase for this study as it is often used as an anti-solvent in
the re-crystallisation of COA. A cylinder of oxygen-free nitrogen
gas (BOC) was used for pressure ﬁltration.
2.2. Lab scale ﬁlter drier
A schematic of the drier is shown in Fig. 1. The drier is made of
glass, has an internal diameter of 15 cm and is based on process
scale agitated ﬁlter driers (Hamilton et al., 2011). The agitator has
two angled retreat blades (polytetraﬂuoroethylene (PTFE)) posi-
tioned at 1801. The motor is an IKA RW 20 digital (IKA works,
Wilmington, USA), which was positioned at 901 to the vessel and
drove the agitator through a 10:1 gear box at a mixing speed of
10 rpm. Oil heated to 60 1C by a Haake DC5/K20 heater/chiller unit
(ThermoHaake, UK) was pumped through the jacket of the reactor.
For the experiments described in this work, 250 g of COA was
transferred to a 2 L conical ﬂask before 1 L of methanol was added.
The resulting slurry was transferred from the conical ﬂask into the
drier through a port in the lid; the conical ﬂask was rinsed with
100 mL of methanol, which was then transferred into the vessel
before the port was sealed. A positive pressure of N2 at 0.5 bar was
applied to the slurry for 0, 0.167 (10 min), 0.333 (20 min), 0.5
(30 min) or 1 h and methanol was collected in a solvent reservoir
in the line. In the initial experiment (0 h), the cake was allowed to
ﬁlter for 1 h at atmospheric pressure prior to moving to the
vacuum agitated drying stage. At the end of the pressure ﬁltration
step for each experiment, a sample was extracted for LOD and
particle size analysis; the base of the drier was then connected to a
vacuum pump and the line was switched, using a PTFE T-junction
with two taps, to collect in a cold ﬁnger the remaining solvent that
was not removed during pressure ﬁltration. The vacuum was held
between 50 and 100 mbar during vacuum drying; the pressure
was monitored using a Pirani gauge (Edwards, Crawley, UK) in the
line. During vacuum drying, continuous or intermittent (1 min
every 0.5 h) agitation of the particles was carried at a mixing
speed of 10 rpm. Interpretation of the Raman spectra collected
throughout the isolation process indicated when the powder was
dry. At this point, a second sample was extracted for LOD and
particle size analysis.
2.3. Loss on drying analysis
A sample thief probe was made by cutting the bulb of a plastic
pipette tip; to obtain a sample, the bulb was inserted and ﬁlled
with powder from the vessel. The total weight of sample wasFig. 1. Schematic of the vacuum agitated ﬁlter drier. Non-invasive Raman mea-
surements were made through the glass wall beneath the oil jacket at the side of
the vessel.measured on collection and after static drying in an oven at
∼100 1C (to give the weight of solids in the sample). The LOD is
the weight lost during drying expressed as a percentage of the
weight of solids in the sample. After oven drying and LOD analysis,
the samples were subjected to particle size analysis.2.4. Particle size analysis
Sympatec QICPIC image analysis (Sympatec Ltd., Bury, UK) was
performed on the COA particles before the slurries were prepared,
after each N2 pressure ﬁltration period, and after each vacuum
agitated drying period using the LIXELL wet dispersion unit.
Powder was dispersed in 0.1% Tween 80 (SigmaAldrich, UK) in
water and circulated through a ﬂow cell using a peristaltic pump.
A pulsed light source was used to ensure that no motion blur of
the particles occurred as they were imaged onto a CCD detector.
WINDOX 5 software (Sypmatec Ltd) was used to perform the
measurements (30 s) and analyse the data. The particle size
dimension used in this study was the Feret Max diameter
(Hamilton et al., 2012) and the results quoted are an average of
three measurements from the same sub-sample.2.5. Non-invasive Raman spectrometry
A Kaiser RXN1 Raman spectrometer with PhAT probe (Kaiser
Optical Systems Inc., Ann Arbor, USA) was used to monitor the
drying process non-invasively. The PhAT probe has the laser beam
optically expanded to give a 6 mm spot size, a working distance of
25.4 cm and a depth of ﬁeld of 5 cm. The beam was directed at the
process through the glass wall (thickness of approximately 1.5 cm)
beneath the oil jacket at the side of the vessel as shown in Fig. 1.
The laser wavelength was 785 nm produced by an Invictus diode
laser operated at 400 mW at the source (equating to ∼220 mW at
the sample). A 1024256 pixel CCD detector cooled to −40 1C by a
Peltier cooling system was also used. The Raman signal is divided
into 10 channels that are imaged on the different tracks of the CCD
camera.
Daily diagnostic tests were performed (which measured rela-
tive peak intensity and peak position against known peaks from a
cyclohexane standard) using the external sample compartment
accessory for the instrument. Raman spectra were recorded using
iC Raman software (Metler-Toledo, Columbus, OH, USA) and
exported as individual. SPC ﬁles to MATLAB version R2010b
(Mathworks, Natick, USA) for analysis using PLS_Toolbox version
4.11 (Eigenvector Research, Washington, USA). Each Raman spec-
trum was recorded with a 30 s integration time resulting in one
spectrum every 35 s. For all Raman experiments, the vessel was
wrapped in aluminium foil to prevent room light from affecting
the spectra. When 1st derivative transformations were performed,
a Savitzky–Golay function with a smoothing ﬁlter width of 11
points and 2nd-order polynomial ﬁt was applied.
When continuous agitation was applied, the powder was
deemed to be dry when the 1st derivative Raman signal from
COA at 1076 cm−1 and the ratio of methanol: COA peaks
(1036 cm−1: 904 cm−1) in the underivatised Raman spectra were
both constant (as deﬁned later in Section 3.2) for 0.167 h. With
intermittent agitation, the same measurements were used to
indicate the end point of drying, however, in this case the
requirement was for a constant value of the methanol: COA peak
ratio and a negligible change (o10%) in the signal from COA
(1076 cm−1) during and after the 1 min agitation period.
Fig. 2. Example (a) underivatised and (b) 1st derivative Raman spectra (550–
1250 cm−1) at stated time points during 1 h pressure ﬁltration (experiment 5): blue
0 h; red 0.083 h; green 0.5 h; black 1 h. n in (b) indicates the peaks at 1044 and
1076 cm−1 which were used to generate drying curves based on methanol and COA,
respectively. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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3.1. N2 pressure ﬁltration stage
The conditions used during the study are shown in Table 1. In
the experiments, an initial N2 pressure ﬁltration period was
followed by a period of vacuum agitated drying that was termi-
nated when the powder was deemed to be dry based on
the combination of Raman measurements outlined in Section
2.5. The data from experiments 1–5 in Table 1 show that most of
the solvent was removed after a pressure ﬁltration period of 0.5 h.
The ﬁltration periods for experiments 2 and 6 were the same
(0.167 h), but the LOD values were different; a similar observation
applies to the results for experiments 4 and 7 (ﬁltration period of
0.5 h). The poor repeatability of LOD probably occurred due to
differences in the effective pressure of N2 owing to a small leak in
the drier during experiments 6 and 7. Variations in the extent of
solvent removal during ﬁxed periods of pressure ﬁltration are not
uncommon and so it can be difﬁcult to predict the end-point
particularly during process scale up. Therefore, the ability to
determine the solvent content without removing material from
the drier would be beneﬁcial. Furthermore, as the solvent load at
the start of vacuum agitation inﬂuences the time required to dry
the powder, it would also be useful to be able to detect the end-
point of drying in real time.
Non-invasive Raman measurements were made throughout
each pressure ﬁltration period. Underivatised and 1st derivative
Raman spectra of COA and methanol can be found in Fig. S1a and b,
respectively, of the Supplementary information. A full assignment of
the main peaks in the underivatised spectra is also given. Shown in
Fig. 2a and b are example underivatised and 1st derivative Raman
spectra (550–1250 cm−1), respectively, recorded during experiment
5 (1 h pressure ﬁltration). A large background arising from the glass
wall of the vessel was observed above approximately 1150 cm−1 in
all Raman spectra as shown in Fig. 2a. The signal at 733 and
738 cm−1 in Fig. 2a and b, respectively, can be attributed to the PTFE
agitator. The associated univariate curves from the methanol peak
centred at 1044 cm−1 and the COA peak centred at 1076 cm−1 in the
1st derivative spectra are given in Fig. 3. Drying curves obtained for
COA using the peaks at 910 and 1750 cm−1 in the 1st derivative
spectra were comparable to that shown in Fig. 3a. The increase in
the COA signal in Fig. 3 is attributable to two processes that
occurred as the methanol was removed under pressure, i.e. there
was a decreasing amount of methanol to contribute to the Raman
scattering and the bulk density of the COA particles increased as the
static bed of particles became more densely packed. At the
commencement of the pressure ﬁltration period there was anTable 1
Isolation conditions for each of the experiments carried out and % LOD after
each phase.
Experiment Pressure
ﬁltration
period (h)
LOD after
ﬁltration
period
(% w/w)
Agitation
typea
Agitation
period
(h)
LOD after
agitation
period
(% w/w)
1 0b 104b CA 2.167 0.05
2 0.167 22 CA 1.216 0.05
3 0.333 7 CA 1.750 0.18
4 0.500 4 CA 0.900 0.09
5 1.000 3 CA 0.500 0.35
6 0.167 40 IA 0.100 0.29
7 0.500 15 IA 0.067 0.50
a CA¼Continuous agitation and IA¼ intermittent agitation (1 min agitation per
0.5 h of drying).
b Cake left to ﬁlter for 1 h at atmospheric pressure to allow enough methanol to
be removed by gravity in order to start drying; LOD quoted is after 1 h period.
Fig. 3. Univariate drying curves from (a) the COA peak centred at 1076 cm−1 (red)
and (b) the methanol peak centred at 1044 cm−1 (blue) in the 1st derivative Raman
spectra during 1 h pressure ﬁltration (experiment 5). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 5. Example Feret Max particle size distributions of COA for the initial particles
before the slurries were prepared (red), and after pressure ﬁltration periods of
0.167 h in experiment 2 (blue) and 1 h in experiment 5 (green). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
Table 2
Median Feret Max values obtained at the end of each drying phase for experiments
1–7.
Experiment Agitation
typea
QICPIC Feret Max
D50 after pressure
ﬁltrationb/μm
QICPIC Feret Max D50
after vacuum agitated
drying/μm
1 CA 392 236
2 CA 381 216
3 CA 411 181
4 CA 391 189
5 CA 421 221
6 IA 405 343
7 IA 394 368
a Continuous agitation (CA) or intermittent agitation (IA) carried out during
P. Hamilton et al. / Chemical Engineering Science 101 (2013) 878–885882excess of methanol in relation to COA particles in the slurry, hence
the low starting intensity of the COA peak. When the positive
pressure was applied, the solvent was removed rapidly which
compressed the COA particles into a packed bed of wet particles,
resulting in a substantial reduction in the signal for methanol and
a sharp rise in the signal for COA. The densiﬁcation process continued
as more of the methanol was removed and the COA signal continued
to increase, albeit more slowly. Similar relative changes in the two
Raman signals were noted for the other periods of pressure ﬁltration,
but to different extents. At the end of each pressure ﬁltration phase, a
sample was extracted for LOD and particle size analysis. The LOD
data for each experiment are given in Table 1 and the LOD values are
plotted against the univariate Raman signal for methanol at
1044 cm−1 (from 1st derivative spectra) in Fig. 4. Fig. 4 shows that
a correlation exists between the LOD values and the Raman signal for
methanol at the end of the pressure ﬁltration period. This demon-
strates that the Raman signal can be used to estimate the amount of
remaining solvent in the drier, and it follows that Raman measure-
ments could then be used to control pressure ﬁltration so that a
speciﬁc target range of LOD could be achieved without performing
LOD measurements at deﬁned time points.
Examples of the particle size distribution data for two experi-
ments (pressure ﬁltration times of 0.167 (experiment 2) and 1 h
(experiment 5)) are shown in Fig. 5 along with the size distribution
of the initial particles before preparation of the slurry. Also, the
median (D50) Feret Max diameter of the particles after pressure
ﬁltration is given in Table 2 for each experiment. The particle size
distribution data obtained from dynamic image analysis indicated a
small increase in the number of shorter needles and fewer larger
needles after pressure ﬁltration. However, the extent of needle
breakage was not signiﬁcant for the time periods investigated when
the ﬁltration pressure was 0.5 bar. For signiﬁcant needle breakage to
occur, the applied pressure would have had to exceed the critical
stress required to create fractures or failure modes in the particles
(MacLeod and Muller, 2012). From comparison with similar com-
pounds, the maximum stress developed in the particles with a
pressure of 0.5 bar is of the order of 1–4 MPa (MacLeod and Muller,
2012), which is lower than the tensile strength (typically 5–14 MPa)
of many common pharmaceutical materials (Roberts et al., 1995).vacuum agitated drying period.
b Average Feret Max D50 value for COA particles before slurries were prepared
was 413718 μm (average 71 standard deviation based on duplicate measure-
ments of three sub samples; n¼6).3.2. Vacuum agitated drying period
Non-invasive Raman spectrometry successfully identiﬁed the
end-point of powder drying using the procedures outlined inFig. 4. LOD data versus the 1st derivative Raman signal of methanol at 1044 cm−1
at the end of the N2 pressure ﬁltration period.Section 2.5. The LOD values of the powders at the end of each
vacuum agitated drying period were ≤0.5% w/w (Table 1). In this
study, the drying end point was decided by the operator observing
the Raman signals on a monitor, however, if the procedure were to
be implemented in a real process, algorithms (such as moving
block standard deviation analysis (Sekulic et al., 1998) could be
established in statistical software to automatically identify the end
of drying. After completion of the experiments, data were also
analysed using principal component analysis (PCA). However, PCA
did not offer any additional information to that obtained using
univariate analysis and so will not be discussed further.
As well as indicating when the end point of drying had been
reached, the proﬁles of the drying curves obtained from the Raman
spectra also give information about the physical status of the
particle bed during vacuum agitated drying. This is illustrated in
Figs. 6 and 7 for continuous (experiment 2) and intermittent
(experiment 6) agitation, respectively. In each ﬁgure, the signal
for COA at 1076 cm−1 in the 1st derivative spectra is overlaid with a
drying curve based on the ratio of the underivatised intensities of
MeOH: COA at 1036 and 904 cm−1, respectively. Drying curves
showing the removal of methanol could also have been established
by plotting the 1st derivative Raman signal at 1044 cm−1 versus
Fig. 6. Drying curves from (a) 1st derivative Raman signal at 1076 cm−1 arising
from COA particles (red) and (b) the ratio of methanol: COA peaks in the under-
ivatised Raman spectra (blue) from experiment 2 (continuous agitation). Dashed
black line indicates the end of the N2 pressure ﬁltration period. The discontinuity in
the data occurs during the changeover period from pressure ﬁltration to vacuum
drying. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
Fig. 7. Drying curves from (a) 1st derivative Raman signal at 1076 cm−1 arising
from COA particles (red) and (b) the ratio of methanol: COA peaks in the under-
ivatised Raman spectra (blue) from experiment 6 (intermittent agitation; n denotes
1 min agitation periods). Dashed black line indicates the end of the N2 pressure
ﬁltration period. The discontinuity in the data occurs during the changeover period
from pressure ﬁltration to vacuum drying. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 8. Example Feret Max particle size distributions for COA before the slurries
were prepared (red), and after the vacuum agitated drying periods for experiments
2 (blue) and 6 (green). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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been reported previously (Hamilton et al., 2011). In this study, the
peak ratio method was preferred because the effects of particle
motion were normalised, and therefore, a smoother drying curve
was produced which was easier to interpret. The Raman intensities
of COA recorded during the pressure ﬁltration step are included in
Figs. 6 and 7 and reﬂect the inﬂuence that removal of most of the
methanol had on the bulk density of the COA, as described in
Section 3.1.
At the start of vacuum drying, a reduction in COA Raman signal
was observed at the onset of agitation, which was again attribu-
table to bulk density effects. The motion of the agitator induced a
shear force that disrupted the packed bed and decreased the
number of particles in the Raman measurement volume. The sharp
increase in the signal observed at about 0.22 h in Fig. 6 can be
attributed to a dense volume of particles passing through the laser
beam as the packed bed was broken up. During the period ofcontinuous agitation from 0.25 to 0.45 h in Fig. 6, a combination of
particle attrition and aggregation caused the bulk density of the
material sampled by the Raman laser to increase, resulting in an
increase in the Raman intensity of COA. The maximum COA signal
(at 0.45–0.60 h in Fig. 6) occurred when the methanol concentra-
tion was at a critical point where there was a maximum in the
formation of liquid bridges between particles. The data in Fig. 4
suggest that the methanol concentration at the critical point was
5% w/w. After the critical point, the aggregates began to break
up, which reduced the bulk density of the material and caused the
COA signal to decrease again until a constant value was reached
near the drying end point (from about 1.25 h in Fig. 6).
The drying curve for intermittent agitation, shown in Fig. 7, has
some features similar to the trends for continuous agitation. After
pressure ﬁltration, the ﬁrst 1 min period of intermittent agitation
disrupted the packed bed, which reduced the bulk density and
the COA Raman signal, similar to that observed in the initial
period of continuous agitation. There was then a static period
where removal of the solvent under vacuum caused partial re-
compression of the bed and so there was an increase in the Raman
signal for COA until a steady state was reached. By the second
1 min period of agitation (at around 0.833 h in Fig. 7), aggregation
effects began to dominate causing a marked increase in the bulk
density of the sampled material and so the COA Raman signal
increased. As there was little remaining solvent to remove, there
was not a signiﬁcant change in the Raman signal during the
second static period, but when agitation resumed further aggrega-
tion occurred, increasing the Raman signal. Eventually, the aggre-
gated material began to break up during the 1 min agitation
periods and dry powder was produced (by about 2.83 h in Fig. 7).
As the intensity of the Raman signal for COA was affected by
both aggregation and attrition, it was not possible to monitor the
extent of attrition using in situ Raman measurements. Therefore,
samples were extracted at the end of the vacuum agitated drying
period of each experiment for LOD and particle size analysis.
Example particle size distributions based on the Feret Max
dimension from dynamic image analysis are given in Fig. 8 for
the initial particles before the slurries were prepared and for
particles from experiments 2 and 6. The D50 median Feret Max
values of the particles removed at the end of the pressure ﬁltration
step and the vacuum agitated drying stage are given in Table 2.
As previously mentioned, little particle attrition occurred during
P. Hamilton et al. / Chemical Engineering Science 101 (2013) 878–885884pressure ﬁltration as indicated by the D50 values in Table 2.
However, the particle size distributions and D50 values showed
that considerable attrition occurred during vacuum drying with
continuous agitation, whereas the extent of attrition was much
less for intermittent agitation. This is due to the signiﬁcant
differences in the shear forces that the particles are exposed to
during the different modes of agitation.
The experiments carried out during this study allowed further
investigation of the relationship between particle attrition and the
agitation time (Fig. 9a) and the solvent load (particle wetness) at
the start of agitation (Fig. 9b). Fig. 9 combines the data from the
continuous and intermittent agitation experiments. The results
displayed in Fig. 9a show that particle attrition occurred within
the ﬁrst 0.5 h of agitation, but thereafter, additional periods of
agitation did not cause signiﬁcant further attrition. At the start of
agitation there were a high number of long needles present in all
of the samples, and these long needles were most susceptible to
fragmentation caused by collisions with the agitator, the vessel
wall or other particles. At this stage, the attrition rate was high due
to the low density and high friability of the COA particles. The D50
values did not change much beyond 0.5 h of agitation because by
then the majority of the longer needles had undergone theFig. 9. QICPIC Feret Max D50 values for particles before drying (which is the
average value obtained from repeat measurements of three sub samples of the COA
batch used for the study) and after drying for experiments 1 to 7 versus (a) total
agitation time and (b) LOD at the start of the vacuum agitated drying period (after
pressure ﬁltration).attrition process, and the increase in the bulk density of the
particles through aggregation reduced the shear sensitivity of
the particles. The relationship between particle attrition and
starting LOD (i.e. particle wetness) was also investigated and is
shown in Fig. 9b. There does not seem to be a signiﬁcant difference
between the extent of particle attrition and LOD for the continu-
ously agitated experiments, with signiﬁcant particle breakage
occurring under all the conditions studied. However, for inter-
mittent agitation the starting LOD has a greater inﬂuence on
attrition as more 0.5 h periods of agitation are required to dry
wetter particles, increasing the likelihood of particle breakage due
to the shear forces induced by the agitator.4. Conclusions
The non-invasive Raman measurements, made through the
glass wall beneath the oil jacket, allowed changes in the bulk
density caused by particle motion and particle wetness to be
monitored, and so the progression of drying could be tracked in
real-time better than in previous investigations (Hamilton et al.,
2011). As variations in the extent of solvent removal during ﬁxed
periods of pressure ﬁltration and drying are not uncommon, the
ability to monitor directly solvent removal and the effects of
process conditions on the particle bed allows better control of
particle properties, particularly when the compound is susceptible
to signiﬁcant attrition and agglomeration effects.Acknowledgements
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